We present optimal measurements of the angular power spectrum of the XDQSOz catalogue of photometric quasars from the Sloan Digital Sky Survey. These measurements rely on a quadratic maximum likelihood estimator that simultaneously measures the auto-and crosspower spectra of four redshift samples, and provides minimum-variance, unbiased estimates even at the largest angular scales. Since photometric quasars are known to be strongly affected by systematics such as spatially-varying depth and stellar contamination, we introduce a new framework of extended mode projection to robustly mitigate the impact of systematics on the power spectrum measurements. This technique involves constructing template maps of potential systematics, decorrelating them on the sky, and projecting out modes which are significantly correlated with the data. Our method is able to simultaneously process several thousands of nonlinearly-correlated systematics, and mode projection is performed in a blind fashion. Using our final power spectrum measurements, we find a good agreement with theoretical predictions, and no evidence for further contamination by systematics. Extended mode projection not only obviates the need for aggressive sky and quality cuts, but also provides control over the level of systematics in the measurements, enabling the search for small signals of new physics while avoiding confirmation bias.
INTRODUCTION
Quasars are bright, highly biased tracers of the large scale structure (LSS) of the universe, and are useful for testing cosmological models in large volumes and over extended redshift ranges. In particular, their bias can inform us about the abundance and mass of dark matter halos in which they form, opening new windows on galaxy formation and the astrophysics of active galactic nuclei (e.g., Fan et al. 2006) . In addition, they can be used to constrain primordial non-Gaussianity (PNG) which is predicted to enhance the bias of LSS tracers on large scales (Dalal et al. 2008; Matarrese & Verde 2008; Komatsu et al. 2009; LoVerde et al. 2008) . However, these applications require accurate auto-and cross-correlation power spectrum measurements, which are complicated by the presence of significant systematics in the data, and the difficulty of creating large, deep quasar catalogues. Indeed, although quasar candidates are easily confirmed with spectroscopy, quasars are point sources, and most point sources in the sky are stars. Since acquiring high resolution spectra is a time-and resource-consuming process, the creation of large quasar catalogues is cumbersome and can only be realised by preselecting targets and scheduling them for spectroscopic follow-up. In optical frequencies, catalogues of photometric quasars were constructed from the Sloan Digital Sky Survey (SDSS, Gunn et al. 2006) , and promising candidates were followed up using the SDSS spectrograph, yielding large catalogues of confirmed quasars such as the Baryon acoustic OScillations Survey (BOSS, Dawson et al. 2013 ).
While spectroscopic catalogues don't suffer from stellar contamination, photometric samples are larger and extend to fainter magnitudes, and can therefore yield more precise measurements of the clustering and the bias of quasars. However, photometric data are significantly contaminated by multiple sources of systematics, either intrinsic (e.g., dust extinction), observational (e.g., seeing, airmass), or instrumental (e.g., instrument calibration), and star-quasar separation using only colour information is also nontrivial. These systematics affect the properties of the raw images in complex ways, propagate into the final quasar catalogues, and create spurious spatial correlations (spatially-varying star-quasar separation efficiency will induce a spurious clustering signal, see e.g., Huterer, Cunha & Fang 2013) . Finally, some of these correlations may also be imprinted in spectroscopic catalogues, since the latter rely on targets selected from photometric quasars. Therefore, not just precise -but also accurate -cosmological inferences from quasar surveys require careful mitigation of systematics.
The first studies of the clustering of quasars in optical frequencies used both spectroscopic (e.g., Outram et al. 2003; Shen et al. 2007; Ross et al. 2009 ) and photometric (e.g., Myers et al. 2006) catalogues from early SDSS data, and were used to constrain numerous cosmological and astrophysical quantities of interest, such as the quasar bias, PNG, and the quasar luminosity function Serber et al. 2006; Myers et al. 2007a; Strand, Brunner & Myers 2008; Slosar et al. 2008) . They exhibited power excesses on large and small scales (Myers et al. 2007b ), which were even more significant in the DR6 photometric quasar catalogue (Richards et al. 2009 ). Although cuts to the data were not sufficient to remove this excess power, thus pointing to PNG (Xia et al. 2009 (Xia et al. , 2011 Giannantonio et al. 2012 ; Karagiannis, Shanks & Ross 2013) , recent work has demonstrated that the excess power was due to systematics (Pullen & Hirata 2012) and could be eliminated using mode projection (Leistedt et al. 2013) . Indeed, it is known that spatially-varying stellar contamination can combine with other systematics and generate such excess clustering power, mimicking significant levels of PNG . Alternatively, other studies have focused on using the cross-correlations of the photometric quasars with other data , thus extracting some of the information they contain while avoiding the main systematics. The resulting PNG constraints were competitive with those obtained using normal galaxies (e.g., Ross et al. 2013) . The eighth data release of SDSS yielded a new catalogue of photometric quasars, XDQSO , relying on the extreme deconvolution technique (Bovy, Hogg & Roweis 2011) ; the latest spectroscopic data were used to provide an improved probabilistic selection of quasars, with greater control over completeness issues. XDQSO extends to fainter magnitudes, and was primarily used to select high redshift candidates scheduled for spectroscopic follow-up in the context of BOSS (Ross et al. 2012b ). Its extension, coined XDQSOz (Bovy et al. 2012 ), provides estimates and probability density distributions for the photometric redshifts of the catalogued objects. XDQSOz was cross-correlated with the cosmic microwave background (CMB) lensing map from the Atacama Cosmology Telescope (Sievers et al. 2013 ) to constrain the quasar bias (Sherwin et al. 2012) . Constraints on PNG were also derived from clustering measurements (Agarwal, Ho & Shandera 2013; Ho et al. 2013 ), but required significant cuts and corrections to exploit measured power spectra, and corrected for systematics using methodologies introduced in Ross et al. (2011 Ross et al. ( , 2012a ; Ho et al. (2012) ; Agarwal et al. (2013) .
Quasar clustering studies therefore remain suboptimal and limited due to cuts and corrections needed to address the high levels of spurious correlations created by systematics. Nevertheless, most of the potential systematics are actually known and can be mapped onto the sky. It is their complex impact on the data which is not known, and prevents the modelling of spurious correlations when estimating power spectra. Mode projection, however, can mitigate the impact of systematics in a robust manner, while minimising the need to throw out hard-won data through masking and cuts Slosar, Seljak & Makarov 2004; Pullen & Hirata 2012; Leistedt et al. 2013) . The purpose of this work is to extend the standard mode projection approach by designing a generic methodology to mitigate the impact of large numbers of known systematics in a flexible and robust manner. We apply this technique to the XDQSOz catalogue in order to precisely control the level of the contamination and accurately measure the power spectrum on the largest scales, which is essential for constraining PNG. Next generation photometric surveys, such as the Dark Energy Survey 1 (DES), will reach unprecedented precision and will require careful treatment of systematics. This extended mode projection approach will enable the full potential of such surveys to be exploited in the search for new physics.
This article is organised as follows. In Sec. 2 we recall the definitions and properties of quadratic power spectrum estimators, and introduce the extended mode projection technique to mitigate systematics when estimating power spectra. In Sec. 3 we turn to the XDQSOz catalogue of photometric quasars. We present our data samples, theory predictions and power spectrum measurements, and discuss the ability of the extended mode projection, in combi-1 www.darkenergysurvey.org nation with blind analysis techniques, to mitigate systematics. The discussion and conclusions are presented in Sec. 4.
THEORY AND METHODS

Power spectrum estimation
The statistics of a Gaussian random field on the sphere are entirely characterised by its power spectrum C . Any realisation of this field, denoted by x, has an observed power spectrum C , defined as the variance of the spherical harmonic coefficients a m ,
which, on the full sky only, is an unbiased estimator of C (i.e., over many realisations, C = C ) with cosmic variance
Cosmological models usually predict theory C s which can then be confronted with observed C s to constrain model parameters. However, when measuring C with real data, several issues arise. Most datasets are only defined on a portion of the sky, and C must then be estimated from a cut-sky -or masked -data vector x. This issue has been extensively studied in the context of the CMB (e.g., Tegmark 1997; Knox, Bond & Jaffe 1998; Efstathiou 2004a Efstathiou ,b, 2006 Pontzen & Peiris 2010; Gruetjen & Shellard 2012) , and also more specifically for LSS data (e.g., Tegmark et al. 2002; Ho et al. 2012; Leistedt et al. 2013 ). The two main quadratic angular power spectrum estimators are the pseudospectrum (PCL) and quadratic maximum likelihood (QML) estimators. In both cases, band-power estimatesĈ b (i.e., estimates of C in multipole bins ∆ b ) are quadratic in the data,
blwhere E b characterises the estimator under consideration. The covariance of the estimates, denoted by V bb = Cov(Ĉ b ,Ĉ b ), includes a cut-sky induced variance which is larger than the cosmic variance and specific to the estimator at hand, and a contribution from the noise and systematics in the data. The equations and implementation details we use are detailed in Leistedt et al. (2013) , and in this paper we only provide a summary of the main characteristics of these estimators.
The PCL estimator deconvolves the mask-induced modecoupling to produce unbiased estimates of C . The estimator is straightforward to implement, not very computationally intensive, but only optimal (i.e., it provides minimum-variance estimates) when C is close to flat, and if the mask has a simple geometry. The QML estimator is unbiased in C and is a minimum variance estimator, but is computationally intensive and requires priors on the power spectrum, noise and potential systematic uncertainties in the data. These priors go in a pixel-pixel covariance C modelled as the superposition of a signal part S calculated using a theory prior {C } and noise N, i.e.,
where (P )ij = (2 + 1)/4π P (ni · nj) is a useful matrix notation (Tegmark 1997) in which ni denotes the angular position of the ith pixel. In fact, it can be shown that PCL is equivalent to QML when assuming uncorrelated pixels, i.e., using a flat power spectrum as prior. Further complications arise because power spectra of real data can only be accurately estimated in a multipole range 0 < < max, where max mainly depends on the noise level and the resolution at which the pixelised maps are analysed. These parameters must be consistently adjusted when constructing priors and computing the power spectrum estimates. Rules that guarantee the correct implementation of the PCL and QML estimators for LSS studies are detailed in Leistedt et al. (2013) .
Extended mode projection
As mentioned in the introduction, real data are often contaminated by systematic effects which create spurious correlations in the measured power spectra. A first order solution is to construct masks to ignore the regions of the sky which are not reliable, for example by rejecting pixels based on quality cuts, or where potential systematics are significant (e.g., dust, seeing). However, this approach does not remove the spurious correlations due to spatially-varying depth or stellar contamination in the unmasked region. Hence, masking is insufficient when these systematics are not negligible compared to noise and the cosmic variance. In addition, several ad hoc choices are required to define what one means by unreliable regions, decide which systematics to include, and what cuts to apply in order to construct the sky mask. As a consequence, there is a risk of being subject to confirmation bias, i.e., one may perform the analysis using an initial mask, then notice it is insufficient to remove the impact of systematics, and therefore perform another analysis with a more stringent mask, until the results are in accordance with expectation.
To illustrate more robust solutions to mitigate systematics, let us start with a toy model where the observed data y is the superposition of the systematics-free data vector x (of covariance C) and a set of Nsys systematics maps ti, i.e.,
With a method to estimate and fix the αi parameters at hand, one could correct the maps or the power spectra to remove the impact of the systematics (Ross et al. 2011 (Ross et al. , 2012a Ho et al. 2012) . However, if the systematics are not well-described by a linear model, the correction may be not be robust, and create biases in the measured power spectra.
Alternatively, one could sample the coefficients αi, estimate the power spectra of the corrected data vector y − αiti, and finally perform a Bayesian Monte Carlo marginalisation over the αis. This approach can be seen as an analytic marginalisation of systematics to linear order, and is more robust than attempting to correct the data or the power spectra. Interestingly, this approach can be implemented in the QML estimator to directly obtain power spectrum estimates for the systematics-free map x. This mode projection (e.g., Slosar, Seljak & Makarov 2004; Pullen & Hirata 2012; Leistedt et al. 2013 ) is implemented by using a prior covariance matrix
and setting to large values, i.e., by giving a large variance to the templates ti. Hence, the spatial modes corresponding to these templates 2 are considered as noise and ignored when estimating the power spectra.
To gain intuition into the mode projection process and find its limitations, let us first notice that the results of the QML estimator are invariant under rotation, i.e., transforming the data and the prior covariance matrix D using an arbitrary rotation matrix does not affect the band-power estimates (the rotation is a linear transformation of the data pixels and conserves the information content). Therefore, it is straightforward to show that using mode projection with only one template is equivalent to masking one pixel of the data vector x in an arbitrary rotated frame (defined by the template). With multiple templates, this masking interpretation is only valid if the templates are orthogonal on the patch of sky of interest, i.e., if t
To address these issues, we extend the mode projection framework and add two operations to it, prior to power spectrum estimation. Firstly, the systematics templates are decorrelated on the patch of sky of interest. This eliminates the redundant information and leads to a minimal representation of the input templates. Secondly, the resulting orthogonal modes are cross-correlated with the data, yielding null tests that can be used to select and only project out the modes which significantly contaminate the data. This selection can be done according to any criteria of interest, such as cuts based on reduced χ 2 for null tests, which is the metric we use in this work. Together, these two extensions provide control over the effective number of modes and the increase in variance due to mode projection. We now detail our implementation of extended mode projection in the context of galaxy and quasar survey analysis.
For the first step, we stack the systematics templates to construct a matrix T where the rows contain the modes to be projected out. As detailed in the next sections about SDSS quasars, we will in fact use modes ti which are either base systematics templates, or products of templates, so that Eq. (5) will be extended to non-linear contamination models. The templates ti are then decorrelated using standard singular value decomposition (SVD) techniques to find a transformation matrix W which, once applied to T, yields uncorrelated templates contained in the rows of a matrix U. This procedure is encapsulated in the set of equations
where Λ is a diagonal matrix containing the eigenvalues λi of T.
The advantage of this decorrelation step is twofold. Firstly, the output templates, denoted by ui, are orthogonal (u t i uj = λiδij), and yield a minimal description of the input systematics. Secondly, the SVD provides the number and the significance of the orthogonal modes in this minimal description. In particular, it may find modes which are consistent with numerical noise 4 , and can safely be ignored since they are redundant or not significant in the input system.
The second step aims to select which of these orthogonal modes ui should be projected out. In this work, we resort to C estimators to measure cross-correlation power spectra between the data and the systematics templates. In principle, any measure of correlation could be used, but resorting to power spectrum estimators captures scale information, which is desirable since the χ 2 will be used to project out modes for the auto-correlation power spectrum. On average, LSS data such as quasar and galaxy surveys should not be correlated with observational systematics, e.g., dust extinction, seeing variation or stellar density. Individual realisations may exhibit non-zero cross-spectra, but, in the absence of systematics, these should be consistent with zero within the statistical uncertainties resulting from the estimator and the noise. Therefore, the cross-spectra can be used for null tests, yielding one reduced χ 2 per systematics mode, to decide if the mode should be projected out. Large χ 2 indicates significant spurious correlation between the data and the mode, pointing to contamination by systematics. For a given set of uncorrelated systematics, one can impose a global χ 2 cut and only project out the modes with null test χ 2 above this value. The χ 2 cut can be fixed according to absolute criteria, for example χ 2 cut = 1.0, which ensures that the remaining (i.e., non-projected) modes pass the null tests and are consistent with zero within the statistical uncertainties. Alternatively, one can also adjust χ 2 cut to control the number of projected modes -and thus, the increase in variance -in the estimated power spectra. The next section provides more details about the power spectrum estimator used for the null tests.
In conclusion, extended mode projection only relies on the ability to create systematics templates, decorrelate them, and crosscorrelate them with the data of interest. It allows one to consider generic contamination models with large numbers and complex combinations of templates, from which the main orthogonal modes will be extracted. Under the reasonable assumption that these systematics -and thus the orthogonal modes -do not correlate on average with the data, one can efficiently find the modes which need to be projected out. Compared to other techniques previously applied to galaxy and quasar survey data (Ross et al. 2011 (Ross et al. , 2012a Agarwal, Ho & Shandera 2013; Ho et al. 2013) , extended mode projection does not attempt to directly correct the data or the power spectra but rather, analytically marginalises over the systematics when computing band-power estimates. Beyond the parameters of the cross-power spectrum estimator (e.g., band-power width), which are guided by the sky coverage and noise level, the only tunable parameters in this technique are the set of input systematics templates and χ 2 cut , which corresponds to the accepted level of correlation between a potential systematic and the data. Therefore, this framework is based on the principles of blind analysis, and can be used in a variety of situations where the data are non-linearly contaminated by several systematics.
Fast cross-power spectra and null-tests
With our implementation of extended mode projection, the systematics modes to be projected out are selected based on null tests resulting from cross-power spectra with the data of interest. Due to the potentially large number of modes, it is essential to use a fast estimator to compute these cross-power spectra. The PCL estimator is a good candidate, but may be suboptimal when using complex masks, or if the cross spectra are significantly non-flat, which is likely when considering significantly contaminated data such as quasar surveys (Leistedt et al. 2013 ). Yet, using the QML estimator would require significant time and memory resources, despite these power spectra only being used for null tests, and thus not requiring the same level of accuracy as the main C analysis. Therefore, we designed an approximate QML estimator which yields fast null tests which are quasi-optimal when compared with the full QML estimator. This new estimator simply replaces the Fisher matrix in E b QML by the inverse covariance matrix of the PCL estimator. More precisely, we compute cross spectra between one data sample xmap and a systematics mode xsys usinĝ
where G b 1 b 2 is the covariance of the PCL estimator, which can be simplified to
where M is the PCL coupling matrix. Here,
] is computationally intensive to evaluate but only depends on the mask under consideration, and can therefore be precalculated. In this formulation, C are priors for the band-powers of the data and the systematics mode to be cross correlated, also used to construct the covariance matrices Cmap and Csys. In particular, C map b is the theoretical prior also used in the main optimal estimator, whereas we obtain C sys b using a fast PCL estimator applied to xsys. As a consequence, the approximate power spectrum estimator of Eq. (10) is fast and can be used to efficiently calculate the numerous cross-power spectra between the data and the systematics. In this work, we use null test χ 2 s which are simply calculated using a Gaussian likelihood comparing thê C nulltest b with zero, as in Leistedt et al. (2013) . In a later section, we compare the χ 2 values obtained by the optimal and the approximate power spectrum estimators, and show that the latter is sufficiently accurate for the masks, data and systematics under consideration. Figure 1 . Redshift distributions of the photometric quasar samples selected with P QSO > 0.8 and top hat windows on the photometric redshift estimatesẑp, highlighted by the grey regions. The black curves show redshift distribution estimates n(z) of the underlying quasar distributions, calculated as the sum of the posterior distributions on the individual redshift estimates. The dashed line shows a fit with Gaussian kernels, used for calculating the theoretical C 's. The red and blue dashed curves are redshift histograms of the objects cross-matched to the SDSS DR7 and BOSS DR9 spectroscopic quasar catalogues. These are only used for qualitative purposes, since they provide estimates of n(z) which are biased towards lowand high-redshift, respectively, due to the magnitude and redshift selection effects (details in the text).
APPLICATION TO SDSS PHOTOMETRIC QUASARS
We now apply the extended mode projection framework to photometric quasars from the SDSS, and compare the resulting power spectrum measurements with theoretical predictions. We discuss these measurements, their suitability for cosmological inference, and the ability of extended mode projection to eliminate spurious correlations due to spatially-varying systematics.
Sample selection and redshift distributions
We consider the XDQSOz catalogue of photometric quasars (Bovy et al. 2012) , which contains quasar candidates selected from the set of point sources of the SDSS DR8 imaging data, covering ∼ 10 4 deg 2 of the southern and northern Galactic sky. For each object, XDQSOz includes the probability of being a quasar or a star, calculated from the observed magnitudes (ugriz) and their estimated errors, using a data-driven model of the density distribution of quasars in ugriz flux-redshift space. This model was constructed by applying the extreme deconvolution algorithm (Bovy, Hogg & Roweis 2011) to the spectroscopically-confirmed quasars in the SDSS DR7 quasar catalogue (Schneider et al. 2010) . XDQSOz also includes photometric redshift estimatesẑp, defined as the highest peak in the posterior distribution of the individual photo-z estimates. Although the latter distributions are not directly released in the public version of XDQSOz, they can be straightforwardly recalculated using the flux-redshift space model and the publiclyavailable code.
We consider all objects with PQSO > 0.8, but with no further cuts to the data, other than the sky masks described in the next section. We separate this catalogue into four samples by selecting objects with photometric redshiftsẑp in top-hat windows ranging [0.5, 1.35], [1.35, 1.7], [1.7, 2.2] and [2.2, 3.5], which have comparable numbers of objects, and thus similar shot noise. We reject the low-redshift objects (zp < 0.5); this redshift range suffers from nontrivial incompleteness issues due to missed low-z quasars, which are resolved and therefore not processed by the point source star-quasar classifier.
In order to calculate theoretical predictions for the angular power spectra of the four samples, we follow Leistedt et al. (2013) and use CAMB SOURCES (Challinor & Lewis 2011) to compute and project the 3D matter power spectrum into angular auto-and cross-power spectra. We fix the cosmological parameters to Planck ΛCDM best-fit values 5 (Planck Collaboration 2013a). Importantly, although the matter power spectrum only depends on cosmological parameters, the projected power spectra require additional information about the samples under consideration: the unit-normalised redshift distribution of tracers n(z), and the logarithmic slope of the number counts s, to account for the effect of magnification due to lensing. We estimated s for the four samples by calculating the slope of the histogram of number counts in terms of the g-band PSF magnitude at g = 21. We foundŝ = 0.361, 0.445, 0.493, and 0.355, respectively, for these samples.
The redshift distributions are nontrivial to estimate because photometric redshift estimates of quasars suffer from large uncertainties (typically σ(ẑ phot ) ∼ 0.3) and large fractions of outliers (see e.g., Richards et al. 2009; Bovy et al. 2012) . In the present case, the actual n(z) of the quasar samples extend significantly beyond the windows used to construct them. This not only introduces uncertainties in the theoretical predictions, but also cosmological information in the cross-power spectra, since the n(z) of the samples are likely to overlap with each other, as detailed in the next sections. One solution to reduce the associated uncertainties is to employ low-resolution histograms, which are more robust to individual photo-z uncertainties, but do not capture all the structure of the underlying n(z). Alternative methods also exist to attempt to estimate high-resolution n(z) from the poorlydetermined photometric redshifts (e.g., Matthews & Newman 2010; McQuinn & White 2013) . In Leistedt et al. (2013) , we used a cross-matching technique to obtain unbiased estimates for the n(z) of the Richards et al. (2009) catalogue SDSS DR6 photometric quasars. In our case the XDQSOz catalogue includes posterior distributions for the redshift estimates of individual objects, which are computed with the same data-driven model used for the classification, and trained with the best spectroscopic data available. Hence, a simple estimator for n(z) is the sum of the posterior distributions of the individual objects in each sample. Fig. 1 shows the resulting n(z), as well as a fit using a superposition of Gaussian kernels for use in CAMB SOURCES. We also show the redshift histograms of cross-matched catalogues of quasars found in catalogues of spectroscopically-confirmed quasars from SDSS DR7 and BOSS DR9 (Schneider et al. 2010; Pâris et al. 2012) . We applied the relevant flags and cuts to create spatially-uniform versions of these catalogues, i.e., with constant depth, in order to avoid spurious selection effects due to depth variations. However, SDSS DR7 mostly contains bright objects, and BOSS DR9 is dominated by z > 2.2 quasars. Therefore the dashed redshift histograms shown in Fig. 1 are biased estimates of n(z), but nevertheless confirm the features found in the XDQSOz n(z). In particular, all four samples contain low-redshift quasars (z ∼ 0.7 − 1.0), mainly because of their large scatter in ugriz colour space which overlaps with that of higher redshift quasars -hence the difficulty of separating them ). The corrections required to follow Leistedt et al.
(2013) and obtain unbiased n(z) estimates through cross-matching are more difficult to calculate for XDQSOz than the Richards et al. (2009) catalogue, because the former extends to fainter magnitudes and higher redshifts. In particular, using the full spectroscopic catalogue requires spatially-dependent corrections, which are much more uncertain due to sample variance. For these reasons, we did not attempt to derive and apply these corrections, but rather used the n(z) obtained using the stacked XDQSOz redshift posterior distributions. This should provide the most robust solution, since the XD data-driven model has not been demonstrated to suffer from any biases or systematics over the redshift ranges of interest. In this paper, we focus on evaluating the quality of the measurements and the capacity of mode projection to mitigate systematics. Hence, we will fix the parameters used to calculate the theoretical angular power spectra, and also observational parameters such as the shot noise and the bias of quasars. The latter is assumed to be scale-independent and fixed to
which is consistent with observations (e.g., Porciani & Norberg 2006; Slosar et al. 2008; Sherwin et al. 2012) . As shown in subsequent sections, these parameters provide a good fit to the measured power spectra. However, it is essential to consider their uncertainties when testing models and inferring cosmological parameters. Hence, all theoretical and observational parameters will be varied in the companion paper (Leistedt & Peiris 2014 ), where we constrain PNG and evaluate the robustness of these constraints to the underlying models and assumptions.
Masks and systematic uncertainties
The main source of systematics in photometric quasar catalogues is stellar contamination, which arises because separating stars from quasars using imaging data is a difficult task. With the PQSO > 0.8 cut, one can expect a significant fraction of the selected photometric quasars to be stars. However this proportion further depends on the redshift range of interest, since the colours of quasars, and thus the separability of the stellar and quasar loci, evolve with redshift. In addition, observing conditions unavoidably vary with time, and thus on the sky, as data are acquired. This affects both the number of detected point sources and the star-quasar separation, thus creating spatially-varying depth and stellar contamination. We have mapped as many of the potential systematics as possible in order to create templates for the mode projection framework. In what follows, we detail the construction of a base set and an extended set of systematics templates, which will be projected out when estimating the quasar power spectra. For Galactic dust extinction, which affects the properties of point sources and photometric colours, we used the maps of E(B − V ) from Schlegel, Finkbeiner & Davis (1998) and Planck (Planck Collaboration et al. 2013) . They differ in some regions of the sky, especially near the Galactic plane, but are correlated, so we include both maps in the set of systematics prepared for extended mode projection. For the stellar density, we constructed a stellar density map from the SDSS DR6 point sources selected with 18.0 < r < 18.5 and i < 21.3, and a second map with an additional cut g −r > 1.4 to select red stars (Pullen & Hirata 2012) . We retrieved the data for the calibration and observing conditions from the FIELDS table in the SDSS CAS server. We mapped all quantities on the sky directly on the HEALPIX (Górski et al. 2005 ) grid, as the quasar maps are also manipulated in this format. This solution does not use the exact geometry of the SDSS tiles (which would require the use of the MANGLE software (Hamilton & Tegmark 2004; Swanson et al. 2008) ) but is much faster while being sufficiently accurate on the scales of interest. Fig. 2 shows the base set of systematics we include in this study. Apart from the first row, all templates were constructed for the five ugriz bands, and only the i band is shown in Fig. 2 . Also, the following quantities were not included on the figure for space reasons: ra, dec, run, fields, mjd, mustart, nustart, total, devapcorrection, devapcorrectionerr, devmodelapcorrection, devmodelapcorrectionerr, nfaintobj, nstaroffset. Full details of the nature, description and units of these quantities can be found in the SDSS database and documentation.
The total number of templates in this set of base systematics is 220, but after decorrelating these templates only ∼ 100 have significant eigenvalues, the others being consistent with numerical noise, i.e., redundant modes in the system of templates. A subset of these orthogonal modes is shown in Fig. 3 . With such a small number of modes, all can be projected out when estimating power spectra, since they only generate a small increase in variance V bb . However, this setting will only treat the spurious clustering due to linear combinations of these systematics. The actual contamination signal is likely to be non-linear and therefore may not be effectively eliminated. To consider non-linear contamination model, we create an extended set of templates, also including products of pairs of the base systematics. Once decorrelated, the ∼ 22, 000 maps were reduced to ∼ 3, 700 modes. Since they are orthogonal modes, projecting out all of them would be equivalent to removing ∼ 3, 700 data points in some rotated basis, thus significantly increasing the variance of the estimates. For this reason, we now use the extended mode projection approach to project out only those modes which are significantly correlated with the quasar data, as detailed in the next section.
Although extended mode projection considers non-linear contamination models, it is unlikely to fully clean the stellar contamination across the whole survey area, in particular in the worst regions where systematics are significant. Hence, we construct two masks, shown in Fig. 4 . Both exclude pixels with PSFWIDTHi > 2.0 and SCORE > 0.6. In addition, Mask 1 uses E(B − V ) > 0.1 and Mask 2 uses E(B − V ) > 0.08, to remove more dusty regions in the South Galactic Cap. The masks were extended to avoid smoothing-induced contamination, as explained in Feeney, Peiris & Pontzen (2011) and Leistedt et al. (2013) . Note that previous SDSS quasar studies used more aggressive masks Pullen & Hirata 2012; Leistedt et al. 2013) , and the point of extended mode projection precisely is to avoid extra sky cuts and obtain finer control over the elimination of contamination by projecting out the relevant systematics.
Estimation settings and blind mitigation of systematics
We used the QML estimator to simultaneously measure the autoand cross-angular power spectra of the four XDQSOz samples. We used HEALPIX resolution of N side = 64 for all quasar maps, masks and systematics templates in this work, in which case the power spectrum can be estimated accurately up to max ∼ 130, which is a satisfactory band-limit given the noise levels and the sky cuts under consideration, and the computational requirements of the estimator. The choice of the multipole bin size is guided by the variance of the estimates. For most cases we adopted a bin size ∆ = 21 to obtain a good compromise between variance and multipole resolution of the estimated power spectra. We also used ∆ = 15 for the final runs in order to obtain a better resolution on the lowest multipoles, and therefore a better sensitivity to the PNG signal. The resulting constraints on PNG are presented in the companion paper (Leistedt & Peiris 2014) , and are indeed more stringent in that setting. For the fiducial power spectrum priors required for QML, we used the theoretical power spectra detailed in the previous sections. The QML estimator is robust to small changes in these values, especially when measuring the auto-and cross-spectra, which are relatively featureless 6 , and simultaneously estimated from the four quasar maps and the full prior covariance matrix.
For the power spectrum measurements presented in the next 10 0 10 1 χ 2 using exact QML 10 0 10 1 χ 2 using approx QML 0.5-1.35 1.35-1.7 1.7-2.2 2.2-3.5 Figure 5 . Comparison of the reduced χ 2 obtained with the optimal and approximate QML cross-correlation estimators. Each dot is a value obtained by using both estimators to calculate the cross-spectra between the four quasar samples (colour-coded) and the base set of 220 systematics templates. Figure 6 . Distributions of the reduced χ 2 arising from null tests performed with the cross-power spectra of the four quasar samples (four panels) with the ∼ 3700 orthogonal modes of the extended set of systematics templates (∼ 200 base templates plus products of pairs). The last step of extended mode projection consists of choosing a χ 2 cut to decide which modes will be projected out when estimating the angular power spectra of the quasar samples.
section, we considered three settings for the treatment of systematics (in combination with the two masks of Fig. 4 ): no mode projection ("no mp"), projection of the base set of systematics "basic mp", ∼ 100 uncorrelated modes), and projection of the extended set plus products of pairs of templates ("ext. mp", ∼ 3700 uncorrelated modes). For the latter, we followed our implementation of extended mode projection, and only projected the modes which were significantly correlated with the data. To perform this selection, we cross-correlated the quasar maps with all orthogonal modes using the approximate QML estimator presented in Section 2.3, using the same setting as the main estimator (N side = 64, max = 130, ∆ = 21 or ∆ = 15). The resulting cross-spectra were used as null tests, and we calculated a reduced χ 2 per systematics mode using a simple Gaussian likelihood (Leistedt et al. 2013 ). Fig. 5 shows the comparison of the reduced χ 2 obtained with the optimal and approximate QML estimators detailed in Section 2.3, and demonstrates that the latter is sufficiently accurate for the purpose of these null tests. We observe no significant bias, a reasonable scatter around the axis χ 2 opt.QML = χ 2 approx.QML , and a small number of outliers. In particular, we see that selecting modes for mode projection with the cut χ 2 approx.QML > 1 reproduces the selection using a cut χ 2 opt.QML > 1 reasonably well, validating the use of the approximate estimator in the null tests. Fig. 6 shows the distributions of the reduced χ 2 values obtained by cross-correlating the four quasar maps with the ∼ 3700 modes. Interestingly, these distributions can be used to qualitatively evaluate the level of contamination of the samples, and also the effect of masking. In particular, the second and third samples are the least contaminated, and the χ 2 distributions are not improved by using the second mask instead of the first mask, in addition to being robust to the multipole resolution (∆ = 21 or ∆ = 15). The null tests also demonstrate that the first and fourth samples are significantly contaminated by systematics, since a large fraction of the modes have large reduced χ 2 . Using resolution ∆ = 15 yields even more modes with large χ 2 , because the cross spectra are able to extract features due to systematics which were not discernible with ∆ = 21. In the next section, all power spectra calculated with extended mode projection were computed by projecting out modes with χ 2 > 1. One can adjust this parameter to set the accepted level of correlation between with the data and the templates, above which modes are considered as contaminated by systematics and are projected out. One or multiple values for the χ 2 cut should be decided before the analysis, so that the systematics mitigation relies on objective criteria, and is performed in a blind fashion. Alternatively, iterating and refining the χ 2 cut during the analysis could improve the systematics mitigation, but may also yield fine-tuning and overprocessing of the data if the results do not conform to expectation (confirmation bias), jeopardising the search for new physics.
We finally note that previous analyses of SDSS quasars (e.g., Pullen & Hirata 2012) used samples with redshift distributions that were not overlapping: therefore their cross-power spectra could be used as null tests, i.e., any systematics in common between the quasar samples would be detectable in the cross-spectra between redshift bins, which should be consistent with zero in the absence of systematics. In this work, the redshift distributions of the quasar samples overlap, some of them significantly, implying that the cross-spectra will contain cosmological information. We will demonstrate in the next section and the companion paper (Leistedt & Peiris 2014 ) that the fourth sample is not only the one with the most constraining power for PNG, but also the one with the redshift distribution overlapping the least with the other samples: its cross-power spectra can thus be used for approximate null tests. Fig. 7 shows the results of the QML estimator applied to the quasar samples in three settings: Masks 1 and 2 without mode projection, and Mask 2 with mode projection of the base set of systematics templates. The black lines show our fiducial theoretical predictions, detailed in the previous section. The shaded band indicates the zone spanned by the theory curves when varying PNG in −50 < fNL < 50. Note that all spectra are dimensionless, since they relate to overdensity maps. At first examination, we see that all measured power spectra exhibit significant excess power on a range of scales compared to the theoretical expectation. In particular, the first and the fourth samples (the low and high redshift quasar sam- ples) are in significant disagreement with the theoretical curve. The quasar cross-power spectra also exhibit power excesses, pointing to the presence of significant systematics and spatially-varying stellar contamination in these samples. Qualitatively, the discrepancy between the measurements and the prediction agrees with the levels of contamination measured by the null test χ 2 histograms of the previous section, indicating that at least some of the systematics responsible for the excesses are included in the sets of templates prepared for mode projection.
Power spectrum measurements
Indeed, the third set of spectra of Fig. 7 show that using the basic mode projection significantly decreases the power excesses in the auto-spectra, especially that of the fourth sample. The autopower spectra are now subject to an offset compared to the theoretical predictions. Although this could be due to inadequate cosmological or observational parameters in the predictions, such as underestimated biases, significant excess power in the cross-power spectra indicates that part of the remaining discrepancies must be due to systematics. In the formalism of Section 2.2, this also demonstrates that a linear model of the basic set of systematics (∼ 100 uncorrelated modes) is insufficient to describe the contamination signal and spurious clustering. Moreover, since the error bars of Fig. 7 only include cosmic variance and shot noise, we deduce that the contamination level is so large that it prevents any reliable measurement of the quasar bias and PNG. In fact, constraining 7 PNG from the measurements of Fig. 7 (ignoring the null test crossspectra and thus the evidence for high levels of systematics) would yield very large levels of PNG, significantly above the limits set by previous studies of SDSS quasars, luminous red galaxies (LRGs), and in the CMB (e.g., Planck Collaboration 2013b) . The purpose of extended mode projection is precisely to address these issues, and reduce the levels of systematics below the statistical uncertainties by marginalising over the most contaminated modes. Fig. 8 shows three sets of estimates obtained when using ex-7 The error bars of Fig. 7 use the fiducial priors and are included to illustrate the large discrepancies and power excesses due to systematics. To exploit these power spectra in a likelihood analysis, one would need to recompute the covariance matrices around the best-fit theoretical power spectra, which were done for the cleanest power spectrum estimates of Fig. 8 . Fig. 7 , but using extended mode projection. We used a non-linear contamination model incorporating the base set of systematics templates and also pairs of products of templates, yielding ∼ 22, 000 templates: but only ∼ 3, 700 orthogonal spatial modes remained after decorrelation. We calculated QML cross-angular power spectra to perform null-tests and calculated reduced χ 2 , as shown in Fig. 6 . tended mode projection with the more restrictive mask (Mask 2). The first set of spectra are calculated using band powers of width ∆ = 21 for both quasar spectra and null tests, the third set uses ∆ = 15 for both, and the second set is an intermediate setting where the quasar spectra use ∆ = 15 and the null tests ∆ = 21. This hybrid case is to check the robustness of the final spectra, since we observed in Fig. 6 that the null tests with ∆ = 21 and ∆ = 15 yielded slightly different χ 2 distributions for the first and fourth (most contaminated) quasar samples.
Firstly, we see that the three settings are in good overall agreement with each other, and also with the fiducial theoretical predictions, as demonstrated by the χ 2 values presented in Table 1 . Indeed, despite a few band-powers that seem discrepant with the theory predictions at the ∼ 1 − 2σ level when examining Fig. 8 , the values of the probability to exceed (PTE) show that the fiducial spectra are good fits to the measurements. This indicates that extended mode projection succeeds at mitigating the most important systematics and reduce the contamination to a level below the statistical uncertainties. Interestingly, the multipole resolution ∆ = 21 yields better χ 2 than ∆ = 15. This can be explained by the fact that some systematics had their correlation signatures averaged and smoothed out at ∆ = 21, but resolved at ∆ = 15. In other words, greater multipole resolution generally uncovers more systematics, and may require the use of more numerous or more complex combinations of systematics templates. But for the three sets of spectra shown in Fig. 8 , none of the low-band powers in the auto-and cross-power spectra exhibit evidence for systematics. Therefore we conclude that they are suitable for cosmological inference and for constraining PNG, which produces a signal that is more pronounced on large scales. Indeed, the error bars and shaded bands of Fig. 8 demonstrate that the clean power spectra will be able to constrain PNG.
CONCLUSION
Photometric quasar surveys are deep and span extended redshift ranges, which allows us to probe the largest scales of the universe, and therefore test physics which is not well constrained by galaxy surveys. In particular, they can be used to constrain PNG, which is expected to enhance quasar clustering on large scales and leave a characteristic scale-dependent signature in the quasar bias. However, this requires accurate power spectrum measurements, which Table 1 . The chi-square values for the power spectra measured using extended mode projection with Mask 2 with χ 2 cut = 1.0, presented in Fig. 8 . The theory curves use Planck ΛCDM cosmology, f NL = 0, and fiducial linear bias b(z) = 1 + [(1 + z)/2.5] 5 . The numbers of degrees of freedom are ν − p = 7 and ν − p = 9 for ∆ = 21 and ∆ = 15, respectively. The probability to exceed (PTE) the observed chi squares are shown in parentheses. Note that PTE < 1% corresponds to χ 2 7 = 18.4 and χ 2 9 = 21.6. are compromised by the presence of numerous observational systematics, creating spurious correlations which can mimic the signatures of new physics. We have introduced the extended mode projection technique to robustly mitigate the impact of large numbers of systematics when estimating angular power spectra, and applied it to the photometric quasars from the SDSS XDQSOz catalogue. This technique only relies on the ability to map known and potential sources of systematics on the sky, and cross-correlate them with the data of interest. Previous studies of XDQSOz data required stringent quality and sky cuts, and even the removal of band-powers in order to avoid excessive contamination by systematics. In our analysis, we have used minimal sky cuts, and applied the extended mode projection approach using a large number of systematics templates. Mode projection is equivalent to a Bayesian marginalisation over the amplitudes of the modes of the contamination model when estimating the power spectra. The base set of templates included 220 potential systematics found in the SDSS database, and we have also included products of pairs of templates, leading to a total of ∼ 22, 000 systematics templates, yielding a non-linear model for the contamination signal. We have then decorrelated the systematics, and crosscorrelated the resulting ∼ 3, 700 orthogonal modes with the quasar samples to carry out null tests and detect the modes which most likely create spurious correlations in the data. We have finally estimated clean quasar power spectra by projecting out the modes which yielded reduced χ 2 > 1 for the cross-spectrum null tests. Our pool of systematics and resulting contamination model was very general, and the sky masks minimal; thus, the reduced χ 2 cut is the only tuneable parameter in the extended mode projection approach. Our approach is therefore based on the principles of blind analysis, since projecting out modes with reduced χ 2 > 1 is a simple and pre-selected criterion for the accepted level of correlation between the systematics and the maps, which does not depend on the intrinsic clustering of quasars. Using various settings for both the power spectrum estimation and the systematics mitigation, we have tested that the power spectrum measurements are robust to these choices, and consistent with the theoretical predictions. In a companion paper (Leistedt & Peiris 2014) , we show that these spectra, used in a combined likelihood function, yield stringent and robust constraints on PNG and on the bias of quasars. In particular, the constraints separately derived using the auto-and cross-spectra are consistent with each other, and robust to the underlying model and assumptions, for example to the uncertainties in the redshift distributions of the samples. This demonstrates that the remaining levels of correlations created by systematics are below the statistical uncertainties, and that the quasar power spectra are suitable for use in cosmological inferences.
Future galaxy and quasar survey data will reach unprecedented precision, and will require accurate mitigation of large numbers of systematics. For instance DES, Euclid (Amendola et al. 2013) , and LSST (Abell et al. 2009 ) will observe hundreds of millions of objects, and probe extended redshift ranges and finer angular scales. This makes them very promising for testing new physics beyond the standard cosmological model, such as PNG, the neutrino sector, dark energy phenomenology, and modifications to General Relativity. At such precision levels, and given that these new physics signatures are typically small deviations from the standard model, power spectrum measurements will be highly sensitive to any systematics. The extended mode projection framework is a good candidate for mitigating such systematics in a robust and blind fashion, while extracting as much information as possible from the hard-won data.
